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Abstract 
This paper reviews the most recent results obtained at the Gasplasma pilot plant for gasification of municipal solid 
wastes in the UK. The two-stage system involves the combination of a fluidized bubbling bed and a single carbon 
electrode plasma converter. Bed particles of mullite (3Al2O3-2SiO2) with coarse particle size (1-2 mm) are applied 
as solid inventory in the fluidized bed system. The waste is thermally decomposed within the fluidized bed to 
produce a crude syngas, containing residual tars, unconverted char and entrained ash particles. The crude syngas is 
then sent to the plasma cyclone converter where all the inorganic material (particulates and heavy metals 
components) are captured and immobilized into a vitrified slag. Experimental test runs with RDF waste were 
conducted by varying the operating conditions and contaminants quantity. The results are presented according to 
solid samples composition, gas composition, and further specific data (e.g., carbon conversion efficiency, leaching 
test, etc). Particulate loading data and materials mass balance suggested from 40 to 90% of non-volatile metals (e.g. 
chromium) and other heavy metals (e.g. vanadium) were incorporated within the slag where they are rendered non-
leachable. The work demonstrates the ability to process highly heterogeneous material achieving high energy 
conversion (87-94%), high material recovery, and virtually complete carbon conversion, producing a very clean 
syngas capable of being used for power generation or as a chemical feedstock.    
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Nomenclature 
MSW municipal solid waste  
WtE  waste to energy 
BFB       bubbling fluid bed 
RDF       refuse derived fuel 
PC          plasma converter 
TOC       total organic carbon      
LOI        loss of ignition 
BTEX    benzene, toluene, ethylbenzene, and xylenes 
PCB       polychlorobiphenyls 
PAH       polyaromatichydrocarbons 
WAC      waste acceptance criteria 
CCE       carbon conversion efficiency 
TDS       total dissolved solids 
DOC      dissolved organic carbon 
1. Introduction 
     Since the 1980s, municipal solid waste (MSW) has been processed for energy recovery (now known as Waste-to-
Energy or WtE). It has matured into a safe, effective and environmentally acceptable technology reliably reducing 
waste that would otherwise be landfilled, and instead producing valuable energy resources and materials recovered 
from its residue. Gasification has attracted considerable interest amongst the thermo-chemical conversion industries 
as it offers higher efficiencies in relation to incineration. The syngas created by this process can be utilised in a 
range of applications including power and heat generation, and for fuel and chemical production, provided that the 
gas is free of particulates and other contaminants (tars, condensable vapours, etc.) that may cause problems in the 
process equipment and end-use devices [1].  
Advanced Plasma Power (UK) developed a two stage process (the Gasplasma process) which combines fluid bed 
gasification with plasma technology to treat primarily Refuse Derived Fuel (RDF) from MSW. The Gasplasma 
system is shown schematically in Fig. 1. 
1.1. First stage: the Bubbling Fluid Bed gasifier 
    The gasifier is a bubbling fluidised bed (BFB) operated at a temperature range between 650 ° and 850° C, with 
the actual operating conditions depending on fuel characteristics and desired reaction profiles. The fluidised bed 
gasifier (FBG) permits the process to accept a broader range of feedstock types and physical properties (both in 
terms of particle size and density). Fluid bed systems allow a more efficient gasification due to homogeneous 
temperature, good mixing inside the reactor and rapid heating of the feedstock, leading to a more consistent syngas 
generation and high conversion efficiencies [2]. The expanded bed of inert sand particles creates a large mass of hot 
material that is able to absorb and mitigate fluctuations in fuel conditions with little-to-no change in performance. 
This “flywheel effect” is better suited to minimise spikes in emissions due to the wide RDF variability, where small 
differences in fractions of certain ‘key components’, plastics in particular, may cause disproportionate changes in 
the gasification product yields. Bed temperature is typically controlled by adjusting steam/oxygen ratio and fuel feed. 
Maintaining a nearly constant bed temperature minimises reactor upset conditions due to fuel variations (moisture, 
ash, heating value, etc) providing near steady-state conditions for the gasifier’s performance.  
Mechanical attrition of RDF, due to bed fluidisation, coupled with high bed velocities, gives rise to the potential 
for significant carryover of fine and unreacted particles from the BFB. Furthermore, in a BFB almost all the fuel ash 
becomes fly ash, affecting the particulate control system and its associated ash handling devices. This solid residue 
is usually classified as a hazardous waste on account of its high alkalinity and other pollutant species (e.g. heavy 
metals and soluble chloride and sulphate salts), and can require specific treatment before disposal [3]. 
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1.2. Second stage: the Plasma Converter 
The high volatile matter content of RDF and problems associated with tar and particulate byproducts make a single 
stage BFB gasifier unsuitable for efficient RDF valorisation. The crude syngas produced in the BFB is rich in 
residual tars, unconverted char and entrained ash particles. A two-stage process utilises an ash melting system 
coupled with a gasifier, with the gasification process working as a sort of pre-treatment for the successive stages of 
tar reforming and ash melting. In applying the plasma technology to the gaseous products from a conventional BFB 
gasifier, an advanced two-stage thermal process is able to achieve efficient cracking of the complex organics to the 
primary syngas constituents whilst vitrifying the inorganic fraction of the feed and limiting the electrical energy 
demand of the process [4, 5]. 
Within the furnace there is a metal and silica-based slag melt at the base of the reactor. The raw syngas from the 
BFB enters the side of a plasma converter (PC) above the slag level and circulates around the periphery of the 
chamber allowing the gas to increase in temperature while receiving maximum exposure to the intense ultra violet 
light, aiding cracking of tar substances and conversion of the residual char, and promoting the separation of 
particulates from the syngas. The cyclonic action forces particles in the range of 5-130 micron to impact the wall, 
lose momentum and fall in the slag melt. The plasma arc is used to keep the metal and slag in liquid form and also 
assists with the destruction of the residual tars and chars contained within the crude syngas.  
The combination of high heat release rates, long residence time, high turbulence and avoidance of short circuiting in 
the chamber assures the conditions required for high organics destruction and removal efficiencies (DRE’s) are 
achieved. The particles are captured and melted, and organics are destroyed in the gas phase or in the molten slag 
layer formed and retained on the furnace wall by centrifugal action. Non-volatile metals (e.g., chromium and 
vanadium) partition mainly to the vitrified slag where they are rendered non-leachable. For all these reasons, a two-
stage plasma-assisted gasification process shows promise in its ability to promote greater conversion and syngas 
yields than stand-alone plasma or fluidised bed gasifiers in waste applications. Two-stage gasification emissions are 
also less susceptible to variations in fuel properties that are inherent to any waste to energy plant.      
 
 
 
Fig. 1.Schematic of the Gasplasma process 
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2. Experiments and methods 
Data reported and discussed in this paper has been generated from the demonstration Gasplasma plant located in 
Swindon, UK.  
2.1. Materials and apparatus 
A key benefit of the Gasplasma process is its ability to effectively handle a wide range of different feed materials, 
including RDF, wood biomass, automotive shredded materials, tyre crumb, contaminated wood, etc. It is the 
configuration of the FBG, close coupled with the plasma converter, that permits these large differences in fuel 
properties to be accommodated. A standard UK municipal solid waste-derived RDF was used as the basis for the 
test. The prepared RDF comes from a number of waste treatment facilities in floc form of size ranging from 5 to 50 
mm. Table 1 shows the chemical, mechanical and calorific properties of a RDF sample.  
Table 1. RDF analysis 
 RDF 
Mechanical characteristics  
Mean particle size , mm 30 
Bulk density, kg/m3 70 
Proximate analysis, % (w/w)  
Fixed carbon 6.4 
Volatile matter 59.6 
Ash 19.1 
Moisture 14.9 
Ultimate analysis,  % (w/w)  
C 41.0 
H 5.7 
O 17.5 
N 1.2 
S 0.2 
Cl 0.4 
GCV,  MJ/kg (dry basis) 22.1 
The compact BFB employs a heated bed of nominally 1 mm mullite (3Al2O3 2SiO2) ceramic particles suspended in 
a rising column of hot gas. RDF feedstock is fed continuously, at a controlled rate, to the BFB through a solid fuel 
feeder system. In the latter the as-received feed is transferred by a belt conveyor to a surge hopper where a variable-
speed screw feeder modulates the feed rate of the solids at rates of up to 100 kg/h. The trials began with 75 kg of 
virgin bed material in the BFB. During the course of the trial this material was discharged frequently to maintain a 
bed differential pressure of 50-70 mBar and prevent the build-up of oversize. The discharged bed material was 
sieved, with material < 2 mm (Figure 2a) returned / recycled to the gasifier along with supplemental fresh sand to 
maintain bed depth. The proportion of oversized material that is screened from the bed is typically made of inert 
glass and metal fractions (Figure 2b). This material is subjected to traditional metal extraction (Figure 2c) process 
and then, if desired, it can be returned to the process as a solid addition to the slag.  
 
   
 
 
 
 
 
 
 
 
 
 
 
a) b) 
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Figure 2. Samples of solid residues collected from the Gasplasma plant: a) BFB material, b) BFB oversize fraction, c) Ferrous recovered 
fraction,d) water-quenched slag 
 
 
The individual steam and oxygen feed rates in the FBG are closely metered to match the feed rate of the RDF in 
order to ensure that the gasifier operates within the designed operating limits.  In operation, the crude syngas from 
the gasifier flows via a refractory lined duct to the plasma converter. The desired mode of operation in the furnace is 
assured by changing the power input to the graphite electrode. The power to the plasma arc is controlled to maintain 
the temperature of gases exiting the unit to ca. 1050–1150 °C. Ash particulates carried over from the gasifier drop 
out within the plasma converter and are assimilated within the melt, which is intermittently removed from a tap hole 
in the bottom of the furnace. Downstream of the plasma arc converter, the syngas is cooled down to below 200 °C 
prior to treatment to remove any residual particulates and acid gas contaminants. The demonstration plant conditions 
are fully automated to maintain optimal conditions at all stages of the process. The most important operational 
parameters of the demonstration plant for the test to be discussed here are listed in Table 2. 
 
Table 2. Test conditions 
Description Values 
RDF feed rate (kg/h) 40-60 
FBG temperature  (C) 700-800 
FBG superficial gas velocity (m/s) 0.7-0.8 
Average bed rate discharge (kg/h) 6.5 
Steam to O2 (mole) ratio 2.4-3.6 
Plasma converter exit temperature (C) 1100-1200 
 
2.2. Monitoring and data analysis 
The fuels and the solid residues resulting from the gasification tests were analysed using standard analytic methods. 
X-ray fluorescence (XRF) analysis was performed on the bed material sampled continually throughout the run to 
determine the changes in composition of major ash constituents. Trace elements were identified by Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS) analysis. 
Near the end of the trial, slag was tapped from the PC and later sampled in order to assess the mass accumulated and 
its composition. The slag sample was analysed by both XRD and XRF techniques and subjected to leachate tests. 
Vitrified samples were prepared to less than 4 mm grain-size by crushing and sieving. Two separate samples were 
then representatively sub sampled and analysed with the required suite of tests specified in the Landfill Regulations 
2002 for acceptance to inert waste landfill through compliance with Waste Acceptance Criteria (WAC).  The testing 
were as follows: 
- Compliance leaching with the two stage leaching test BS EN 12457-3 for granular wastes. Testing of the 
eluates for waste acceptance parameters specified in the landfill regulations, including As, Ba, Cd, Cu, Cr, 
Hg, Mo, Ni, Pb, Sb, Se, Zn, total dissolved solids (TDS) and dissolved organic carbon (DOC)  
c) d) 
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- Analysis of total composition for TOC, LOI, trace organic parameters (BTEX, PAHs, PCBs).  
Particulate residues from the dry filter were also collected to determine the carryover from the plasma converter.  
Extractive sampling was used to analyse the syngas from the fluidised bed gasifier and from the plasma converter 
unit. The moisture content, the organic species, CO, CO2, NOx, SOx and HCl were measured using Fourier 
Transform Infrared Spectroscopy (FTIR) in order to ensure the right process conditions.  
3. Results and discussion 
3.1. Solid residues 
Chemical analysis data for a representative bed material sample taken during the trial are presented in Table 3, along 
with slag from the plasma converter and dry filter residues recovered at the end of the trial. For comparison, data for 
treated RDF and virgin sand are also provided.  
 
 
Table 3. Solid residues analysis 
 
 RDF Virgin 
sand 
BFB Slag Dry 
filter 
Elemental Oxides       
SiO2 wt.% 31.4 54.56 60.8 32.5 20.9 
Al2O3 wt.% 10.4 42.55 18.4 39.1 10.4 
Fe2O3 wt.% 4.1 0.75 3.20 5.9 19.0 
TiO2 wt.% 2.7 0.08 0.90 1.4 1.9 
CaO wt.% 26.4 0.10 13.5 19.0 18.1 
MgO wt.% 2.4 0.10 0.80 2.1 1.6 
Na2O wt.% 4.0 0.10 1.60 0.4 6.5 
K2O wt.% 3.8 1.75 1.60 0.2 5.4 
P2O5 wt.% 1.8 - 0.80 0.1 3.4 
SO3 wt.% 5.9 - 0.60 0.3 6.4 
Trace metals ICP (dry)       
Arsenic mg/kg 1.4 - 11.2 1.6 37.2 
Cadmium mg/kg 0.2 - 0.5 0.2 27.2 
Chromium mg/kg 10.5 - 184.2 202.2 314.1 
Copper mg/kg 31.8 - 1674.5 97.6 4035 
Nickel mg/kg 10.3 - 105.4 20.8 215 
Mercury mg/kg 0.1 - 0.1 0.1 0.3 
Lead mg/kg 29.5 - 73.9 15.6 1604 
Vanadium mg/kg 8.2 - 27.5 48.8 15.1 
Zinc mg/kg 132 - 1054.5 48.2 3087 
 
 
The individual fate of the elements varies considerably, depending upon the location of the sampling. The material 
recovered from the dry filter appears most likely to have originally been in the alkali vapour phase, and to have then 
condensed as fine particles (< 5 micron) escaping from the plasma converter. The portion in the slag accounts for the 
fly ash captured in the plasma, while the bed sand is expected to account for ash constituents that have not been 
elutriated (bottom ash). The BFB bottom ash can be extracted and returned to the process as a solid addition to the 
plasma converter; this corresponds to the typical case of a commercial Gasplasma plant, where approximately 90% 
of the totally fed ash is recovered as slag. The majority of Mn, Cr, V is captured within the slag matrix, while other 
species are captured to lesser extents (e.g. Cu, Ni, Zn and P). Sodium and potassium species are shown to 
accumulate in the FBG bed sand, while aluminium is diminished, indicating a progressive reduction in the amount 
of bed material with time and its replacement with ash-residues derived from the feed. 
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3.2. Reforming of tars and char 
The conversion of char and tar, whose kinetic represents the rate limiting step of gasification processes, is related to 
the effective time of exposure with the hot gas, which in turn depends on the local conditions in the gasification 
stage. In a bubbling fluidized bed, flow mixing is generally highly favoured; the interplay of mixing–segregation 
phenomena relevant to volatile matter release and conversion in fluidized bed was comprehensively studied by 
researchers at the University of Naples [6], who provided direct evidence of ‘‘endogenous’’ bubble formation and 
fuel particle segregation. The released volatiles form endogenous bubbles around the devolatilizing particles, lifting 
coarse fuel particles to the bed surface. Fuel particles remain segregated at the bed surface as far devolatilization is 
active, whereas the residual char is continuously re-circulated in the bed once devolatilization is complete. Thus, 
entrainment of coarse char particles during the first stage is negligible in a bubbling unit, whereas entrainment of 
finer char particles may be severe [7]. The second stage plays a critical role in this sense; the furnace geometry is 
intended to produce a slow cyclonic action to avoid short circuiting of particles, which receive maximum exposure 
to the intense ultra violet light within the converter. A good index as to the degree of tar removal may be obtained 
by measuring the benzene concentration in the syngas stream as benzene is characterised as a tertiary tar species and 
is recognised as being refractory to thermal decomposition [8]. The effect of the temperature of the syngas exiting 
the plasma arc converter on benzene concentration is illustrated in Figure 3 where it is seen that benzene levels drop 
from around 1000–2000 ppm at 800 °C to negligible levels above 1030 °C. 
 
 
 
Figure 3. The effect of plasma arc converter outlet temperature on the residual benzene concentration of the syngas. 
 
Carbon associated with fly ash and bottom ash fractions is also recovered within the plasma converter, where ash 
components are vitrified releasing bound carbon, which reacts to produce further calorific syngas components, 
leading to high carbon conversion efficiencies (CCE) for the process. The main indicators for combustible and 
unburned carbon in the slag sample, along with the carbon conversion efficiency of the overall process, are reported 
in Table 4. 
 
Table 4. Residual organics analysis for the slag sample. 
 
 DOC TDS PCB PAH BTEX TOC LOI CCE 
 mg/kg mg/kg ug/kg mg/kg mg/kg w/w% % % 
Slag sample 3.8 50 < 7.0 < 2.0 < 0.6 < 0.98 < 0.2 96.9 
 
 
Testing of the slag sample against organic parameters showed near zero values, with total Organic Carbon (TOC) 
below 1% in weight, and levels of PCBs and PAHs cumulatively less than 7 Pg/kg and 2.0 Pg/kg respectively. 
Levels of BTEX was also less than 0.6 mg/kg. As stated before, these very low values are due to the combination of 
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high temperature, turbulence, and residence time attained in the plasma converter, which results in the conversion of 
residual carbon and condensable organics to gas-phase carbon-containing species, e.g. CO and CO2. 
3.3. Slag composition 
The slag is produced within the plasma converter from the melting of captured fly ash from the FBG, along with 
additional solid residues and tramp material. The high energy density of the plasma arc, which is transferred directly 
to the molten phase in the reactor, ensures a high degree of fluidity of the slag so that any solid particle that contacts 
the melt surface is readily captured and assimilated. The RDF fly ash from the FBG consists of an assemblage of 
several crystalline phases, including gehlenite, anhydrite and potassium silicate, as shown by the XRD analysis 
performed on a FBG sample (Figure 4a). When these particles are captured and melted in the plasma converter, the 
balanced quantity of calcia, silica and alumina contained in the ashes provides sufficient network formers to produce 
a single amorphous glassy phase in the slag (Figure 4b). Upon adequate water quenching, this plasma vitrified 
material appears to be a black, glassy, obsidian-like mass (Figure 2d), and is capable of further materials processing 
to fabricate enhanced quality ceramic glass products [9].  
 
 
 
Figure 4. XRD trace for FBG fly ash (a) and slag (b) samples 
 
 
The vitreous alumino-calcium-silicate matrix of the slag has also been shown to immobilise some hazardous heavy 
metals and decrease their leachability. The results of the leaching test are listed in Table 5 and compared with the 
current WAC compliance limits for inert landfill materials. It is shown that for all species the actual levels recorded 
were well below the compliance limits.   
 
 
 
a) 
b) 
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Table 5. Summary of compliance leaching tests (BS EN 12457-3) on vitrified granulated sample at particle size <4mm. All leachate values are 
given in mg/kg 
 
Sample code     As Ba   Cd    Cr    Cu    Hg   Mo   Ni    Pb    Sb   Se Zn 
Slag  
  0.025 0.04  0.002 < 0.004  0.03  0.0017  0.02  0.005  0.02  0.017  0.009 0.060 
WAC Inert 
Landfill    0.5 20  0.04     0.5    2  0.01  0.5  0.4  0.5  0.05  0.017 4.00 
        
 
4. Conclusions 
Before any further progress in the industrial use of RDF as an alternative fuel in gasification plants, the problems 
related with toxic solid residues and ash deposition must be resolved. The practical approach to reduce these 
problems must be aimed at preventing accumulation of fly ash/condensable vapours on heat transfer surface areas 
while minimising the amount of residual materials that have to be treated before the disposal. One such approach 
has been adopted by Advanced Plasma Power which has developed an advanced two-stage thermal process 
(Gasplasma), primarily for the treatment of household and industrial and commercial wastes. The ability to carry out 
a comprehensive examination of ashes accumulated in the bed and other residues from different locations in the 
Gasplasma process has the potential to contribute significantly towards elucidating the fate of specific elements and 
their role in Waste –to-Energy applications.  
 
The main conclusions derived from this work are: 
x Municipal solid waste can be converted to clean power, whilst simultaneously converting ash-type 
components in the RDF into a stable vitrified product. 
x The combination of a fluid bed gasifier with a swirling plasma converter has shown promise in reducing 
the amount of residual material that has to be disposed, while keeping high conversion and energy 
efficiencies.    
x The results of compliance leaching and mechanical testing indicate that the slag from the plasma converter 
unit can be assumed as readily and completely recyclable. This implies that the Gasplasma process reduces 
the volume of problematic residues to be sent to landfill of about 90%, when compared to conventional 
gasification systems.    
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